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Abstract
Geochemical studies of deeply buried intrusive rocks provide the foundation
for evaluating the suitability of crystalline rocks as repositories for solidified High-
Level Nuclear Waste (HLW). This geochemical study examines the migration of
natural and introduced radionuclides during interaction between groundwater and
plutonic rock, to provide an understanding of the processes which may operate in the
potential repository environment.
Rock cores from the Coles Bay Granite (Tasmania), Kambalda Granodiorite
(Western Australia) and the Roxby Downs Granite (South Australia) were selected for
this study on the basis of the variation in mineralogy, fracture density and degree of
alteration. Firstly, the behaviour ofU- and Th-decay series radionuclides in each rock
was investigated as a natural analogue for some HLW elements to identify the nuclide
migration pathways and significant sites of rock/radionuclide interaction. Secondly,
Synroc doped with actinides and fission products was used as a source of
radionuclides to evaluate the interactions between waste elements and intrusive rocks
in a simulated water-saturated repository environment. This integrated approach has
identified the mechanisms controlling radionuclide release, migration and retention.
In the natural analogue studies, the application of fission-track micromapping
has determined that primary uranium is distributed in the three intrusives as
background U in the major rock-forming minerals, and as resistate U in the primary
accessory phases. Two modes of redistribution of this uranium are evident; as
secondary U in the secondary minerals formed during alteration, and as fracture U
associated with the fracture-infilling minerals. The mechanisms for uranium retention
are dominated by adsorption and ion exchange. The study of uranium-series
disequilibrium has determined that significant radionuclide mobilisation has occurred
in the recent past «1.2 Ma) as a result of groundwater interaction. Disequilibrium
between 23OTh, 234U and 238U in the three intrusives indicates that fractures form the
dominant nuclide migration pathways and the most significant sites of
rock/radionuclide interaction are the secondary and fracture-infilling minerals.
Leach testing of Synroc with the three intrusives was carried out to determine
the mechanisms and processes which occur during Synroc/water/granitic host rock
interaction. Significant geochemical and mineralogical changes were observed in all
three intrusives during leach testing, including loss of crystal structure and formation
of surface reaction products. These changes are reflected in a change in the leach
solution conditions and may also affect the distribution of radionuclides during leach
testing. The presence of the intrusives significantly inhibited the total release of the
actinides (Np, Pu and Cm) and the less soluble fission products (Zr, Ce, Nb and Ru)
from Synroc, as a result of the change in solution chemistry and nuclide solubility
induced by the presence of the granites. Substantial preferential uptake of all
radionuclides by specific secondary and fracture infilling minerals (such as sericite,
hematite, Fe- and Ti-oxides/hydroxides) in intrusives was also observed, which was
controlled by rapid ion exchange, redox reactions, sorption and surface deposition of
colloids and pseudocolloids.
These results imply that fractures will form the main pathways for radionuclide
mobilisation in the HLW disposal environment, and that the most significant sites for
rock/radionuclide interaction will be the secondary and fracture-infilling minerals.
Sorptive processes will dominate radionuclide retention and therefore retard migration
of these elements away from the waste package into the surrounding near-field
geological environment. The geochemical evolution which occurs during rock/water
interaction may affect radionuclide release, migration and retention through changes in
solution characteristics and sorptive capacity. These qualitative experimental
observations of the chemically complex interactions which occur in the predicted
repository environment may be used for quantitative predictive modelling in repository
assessment.
II
Acknowledgements
To see the completion of this thesis is the fulfillment of a dream. Many people
have assisted me in the progress of this work, have believed in my capabilities at times
when I did not believe in them myself, and have consistently and unstintingly given of
themselves throughout the duration of the work. I would like to thank all of these
people, and in particular;
• at the Australian Institute ofNuclear Science and Engineering;
Roger Gammon, and his predecessor, Bill Palmer, for their enthusiasm
and encouragement of my work,
• at the Australian Nuclear Science and Technology Organisation;
Des Levins, for his enthusiasm, guidance and insight in establishing the
project, and encouragement and support of me to persevere
Kaye Hart, for her scientific ability, understanding and patience in teaching
me in the face of all confusion, her constant encouragement to me to continue and, not
least of all, her friendship and support
Kath Smith, for her time and effort spent in patient explanation, her guidance
in TEM techniques and her friendship
Brian Seatonberry, for his ability to make sense of my garbled notes and
assistance in producing consistent results
Adam Jostsons, for his interest in and encouragement of the project from its
inception.
Others who have offered their assistance without question include Sue Brown,
John Warmeant, Brett Robinson, Roy Warren and Dim Roman. Many thanks.
• at the University ofTasmania;
Joe Stolz, for his personal and professional support, enthusiasm and
encouragement (sometimes at his own expense), his scientific insight and quick
understanding of confounding problems, his time and effort spent reading through
iii
earlier versions of each chapter, and for his ability to ask curly questions when you
least expect them
Russell Sweeney and Graeme Wheller, for their efforts spent in reading
some early drafts of both papers and chapters
Rick Varne, for his time and effort in seeing my thesis through the mill
Dave Green, for his continued interest and encouragement of this work and
my professional career
Garry, Steve, Michael and June, for their friendship and constancy, and
the other post-graduate students and post-doctoral fellows of the Department of
Geology for their interest and support. You know who you are - thanks.
Access to core samples was arranged by staff of the Tasmanian Department of
Mines. and Western Mining Corporation -Kambalda Nickel Operations and Olympic
Dam Project. In particular, I wish to thank Ken Cross, for his time and effort in
arranging access to samples at Olympic Dam, and reviewing earlier drafts of papers
and chapters.
This work was undertaken while I was in receipt of an AINSE studentship,
without which the work would never have been completed. Western Mining
Corporation and Australian Nuclear Science and Technology Organisation, Materials
Division and Chemical Engineering Section also provided financial and logistic
support for which I am very grateful. Papers arising from this work have been
published with the kind permission of AINSE, ANSTO and WMC - Olympic Dam
Project and Kambalda Nickel Operations.
Finally, I would like to express my appreciation to all of my friends, including
my parents, both scientists and non-scientists alike, for their continued support
throughout the duration of this work. Thanks.
iv
Table or Contents
Abstract. i
Acknowledgements '" iii
SECTION I: INTRODUCTION AND BACKGROUND
Chapter 1: The Nuclear Waste Disposal Problem
1.1 Introduction 1:1
1.2 Background 1:2
1.2.1 The Fundamental Problem - Nuclear Waste 1:2
1.3 Geological Disposal ofHLW 1:6
1.3.1 The Multiple Barrier Concept. 1:8
1.3.2 The Geological Barrier 1:10
1.4 Aims and Objectives of this Study 1:14
Chapter 2: Regional Geology
2.1 Granites in the High-Level Waste Disposal Environment 2:1
22 Sampling Techniques and Analytical Methods 2:4
2.3 Coles Bay Granite 2:9
2.3.1 Field Relationships 2:9
2.3.2 Petrography 2:10
2.3.3 Whole Rock Geochemistry 2:15
2.4 Kambalda Granodiorite ~ 2:18
2.4.1 Field Relationships 2:18
2.4.2 Petrography 2:20
2.4.3 Whole Rock Geochemistry 2:24
2.5 Roxby Downs Granite 2:28
2.5.1 Field Relationships 2:28
2.5.2 Petrography 2:30
2.5.3 Whole Rock Geochemistry 2:34
SECTION II: THE BEHAVIOUR OF NATURAL URANIUM
AND THORIUM IN GRANITES
Chapter 3: Fission-Track Analysis of Uranium Distribution in Granites
3.1 Introduction 3:1
3.2 Analytical Methods 3:1
3.2.1 Fission-track Micromapping as an Analytical Tool 3:1
vi
3.3 Results: Fission-track Micromapping 3:4
3.3.1 Background U 3:9
3.3.2 Resistate U 3:9
3.3.3 Secondary U 3:16
3.3.4 Fracture U 3:21
3.4 Discussion 3:24
3.4.1 Primary Uranium Distribution 3:24
3.4.2 Secondary Uranium Distribution 3:26
3.5 Conclusions 3:32
Chapter 4: The Use of Uranium-Series Disequilibrium Studies
to Determine Recent Rock/Groundwater Interactions in
Granites
4.1 Introduction 4:1
4.1.1 Naturally Occurring Radioactive Decay Series - the Uranium-
Decay Series 4: I
4.1.2 Geochemistry of the If-Decay Series and the Occurrence of
Radioactive Disequilibrium 4:5
4.1.3 Application of U-Series Disequilibrium Studies as a Natural
Analogue of the HLW Disposal Environment , 4:8
4.2 Characterisation of U-Series Disequilibrium in Three Australian
Granites 4:9
4.2.1 Experimental Methods 4:9
4.2.2 Results - D-Series Disequilibrium Analysis 4:10
4.3 Mechanismsfor Isotopic Fractionation .4:19
4.4 Implications for HLW Disposal 4:25
4.5 Conclusions .4:26
SECTION III: AN INTEGRATED STUDY OF THE
INTERACTION BETWEEN SYNROC AND GRANITE
Chapter 5: Alternative Wasteforms for HLW Disposal
5.1 Introduction to Wasteforms - Previous Work 5:1
5.2 Synroc as a Wasteform Alternative 5:2
5.2.1 Chemical Durability 5:3
5.3 ComparativeBehaviour ofSynroc andBorosilicate Glass 5:8
Chapter 6: The Crystalline HLW Repository Environment
6.1 Factors affecting Radionuclide Migration in the Crystalline Repository
Environment 6: 1
vii
6.2 The BehaviourofGranitesas a PotentialDisposalMedium 6:3
6.2.1 Experimental Procedure 6:3
6.2.2 Granite Behaviour under Leach Conditions 6:4
6.3 Discussion 6:22
6.4 Conclusions 6:25
Chapter 7: Simulation of Repository Processes I: Tile
Interaction of Granite and Synroc doped with the
Actinides
>
7.1 Introduction - Previous Work 7:1
7.2 ExperimentalTechniques 7:3
7.3 Results 7:6
7.3.1 239pu 7:8
7.3.2 237Np 7:15
7.3.3 244Cm 7:20
7.4 Discussion 7:25
704.1 Mobilisation of 239Pu, 237Np and 244Cmfrom Synroc 7:25
704.2 Mechanisms for 239Pu, 237Np and 244CmDistribution 7:27
7.5 Conclusions 7:30
Chapter 8: Simulation of Repository Processes II: The
Interaction of Granite and Synroc doped with Mixed
Fission Products
8.1 Introduction - Previous Work 8:1
8.2 Mixed Fission Products 8:4
8.2.1 Experimental Techniques 8:4
8.2.2 Results 8:6
8.3 Uptake of134Cs and 90SrfromRadionuclide-Doped Solution 8:17
8.3.1 Experimental Techniques 8:17
8.3.2 Results 8:19
8.4 Discussion 8:30
804.1 Solution Characteristics 8:30
8.4.2 Mechanisms for Retention of Radionuclides by Granites 8:32
8.5 Conclusions 8:35
viii
SECTION IV: IMPLICATIONS AND CONCLUSIONS
Chapter 9: Implications for HLW Disposal
9.1 The Repository Environment - an Integrated Study .......•............................. 9:1
9.2 Natural Analogues - What information can they provide? 9:4
9.3 The Three Component Simulation of the RepositoryEnvironment
Processes ............•••.•................•....•...... . .. .. . .••.•. . .. . .. . . . .. . .. ... . .. . .. . . .. . .. . . . 9:6
9.4 Repository Assessment and Predictive Model Validation 9:10
9.5 Granites as a Candidate Repository Medium 9:13
9.6 Future Research arising from this Study 9:15
Chapter 10: Conclusions
10.1 Conclusions arising from this Study 10:1
SECTION V: REFERENCES AND APPENDICES
References R:1
Appendices A:1
